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PROCEEDINGS 

OP 

THE PHYSICAL SOCIETY 
OF LONDON,  

APRIL 1887. 

XXV. The Pewnanent and Temporary Efects  on some of the 
Physical Properties of Iron, produced by raising the Tempe- 
rature to 100" C, B y  HERBERT TOMLINSON, B.A.  Q 

Introduction. 
FOR many years I have been carrying on researches re- 
specting the effects of stress on the physical properties of 
matter, and during this period I have become acquainted with 
certain phenomena, which, though pertaining more or less to 
most metals, are so conspicuous in iron as to render it worthy 
of special attention. As these phenomena bear importantly on 
what Sir William Thomson has designated the thermodynamic 
qualities of metals, the investigation of which seems to be 
attracting daily more and more attention, I propose to lay 
before the Physical Society, from time to time, such informa- 
tion concerning them as a patient study bas enabled me to 
acquire. 

On the present occasion I would invite attention to certain 
remarkable effects produced on some of the physical proper- 
ties of iron, by merely raising the temperature to a degree 
not exceeding 100' 0. 

* Read January 22,1887. 
VOL. VIII. P 



172 MR. FI. TOMLINSON ON SOME OF 

The Internal Fyiction of I?*on. 
If an  iron wire be suspended vertically with its upper estre- 

inity clniiil~cd to a rigid support, and its lower one clamped or 
soldered to  the centre of a horizontal bar of inetnl, attached 
to which, at equal tlistaiiccs froin thc wire, are two cylinders 
of equal 111:iss :mcl diinensions, aiid the whole systein Le set 
in torsionid oscillation, the ainplitude of the vibrations v ill be 
found to cliuiinish more or less (rradui1lly until finally rest ? ensues. This diiiiinutioii of amplitucle is aliiiost entirely due 
to two causes, nnincly, tlie friction of the air, and tlie iiiteriial 
friction of the metal. The iiitcrnnl friction of thc wire may 
be measured by the logarithmic decreiiicnt of arc for a single 

vibration, or by log *--log B, where A is the init’ial arc, ancl 
n 

B is the arc after n vibrations. By the aid of Prof. G. G. 
Stokes’s in:~theiiiiitical forniuh *, and an eslieriineiital deter- 
mination by niyself t of the coefficient of‘ viscosity of air, I 
have been able to eliminate the resistancc of the air, and to 
compute tlie damping effect due to the intern:d friction of tlie 
metal. Where the deformations produced are sufficicntly- 
small, I have proved the following laws respecting the l o p -  
rithinic decrement of arc  $ :- 

1. It is independent of the amplitude ; 
2. It is iiiclepeiident of the vibration-period. 
Thesc laws only hold good whcn the wire has been allowed 

to rest for a considerable tiine aftcr any change has becn 
made in the arrangcinents, and when there has been n lnrge 
number of oscillat ioiis executed prcviously to tlie actual 
testing. 

W h a t  is the nature of this so-called internal friction of the 
metal ? It cannot resemble fluid friction ; because for such 
velocities as we hare liere the friction of fluids is proportional 
to the velocity. Neither can it resemble altogether the ex- 
ternal friction of solids ; because the latter is not nearly so 
independent of the velocity as is the internal friction, nor 
would the logarithmic decrement be independent of the am- 

*: Camb. Phil. Soc. Trans. vol. ix. no. x. (1850). 
-i- Phil. Trans. 1886. 
1 ‘ I  The Internal Friction of Netnls,” Phil. Trans. 1886. 
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plitude, Some cxperinients by Prof. G. TViedemann* throw 
light on the subject. Let AoBO represent the original posi- 
tion of equilibriuni of the axis of the bar to which the wire is 
attached, and let a torsional couple be :ipplied so as to bring 
the bar to A, Cl. On reducing the torsional stress gradually 
to zero the bar will not come back to AoBo, but remain in zl 
new position A2B2, howevcr sinall may have been the angle 
of torsion A, 0 Ao. Again, if t b  bar be twisted by an equal 
torsional stress in the oppsite direction to  A, B, and the stress 
tle then reduced to zero, the bar will remain permanently 
twisted in the position A, B4. Now if we keep on applying 
and reinoving the torsional couple in this way, first in one 

direction and then in the other, the region A20A4 will gra- 
dually diininish until a minimum is reached. According to 
Wiedemann; this is esactly what takes place when we allow 
the wire to vibrate freely ; the permanent position of equili- 
brium is constantly shifted to and fro. Within the regions 
AI 0 A, and A, 0 A, the elasticity is perfect, and there is on 
the whole no gain or loss of energy. The loss of energy ex- 
perienced in a torsionally vibrating wire arises from the work 
expended in the region A20A4 in shifting the permanent 
position of equilibrium from A, to A, and back again ; and, 
provided the amplitudes of the oscillations do not exceed a 
certain limit, the extent of the region A2 0 A4 is proportional 
to the amplitude. Wiedemann goes further than this; for he 
says what is true with respect to the wire as a whole is true 

* Wiedtwmm's Annnlciz, 1879, No, 4, vol. vi. ; Phil. 11%. Junua1.y 
RUd I'ebruary 1880, 

P 2  
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with respect to each molecule of the iron, and that the internal 
friction is really due to the rotation to and fro of the perma- 
nent positions of equilibrium of the molecules. We  need not 
stop to discuss here this last point ; but what does seem pro- 
bable is, that the main part of the loss of energy is experienced 
as the bar swings from A2 to A4. When, as in niy own ex- 
periments, the deformations produced by the oscillations are 
very small, it would seem that the positions A,, A4 are really 
subperinanent rather than permanent ; and if time were given 
and the molecules agitated, the bar would of itself return to 
the position A,, when the torsional couple was reduced to zero. 

I have said, that as the wire oscillates, the region A2 0 A, 
becomes narrower and narrower, and Wiedemann speaks of 
the period during which the diminution takes place, as ‘‘ the 
accommodation period.” My own experiments have verified 
the results of those of Wiedemann and Sir William Thomson *, 
in showing that repeated oscillation will reduce the internal 
friction; but they also show a very large influence to be 
exerted by long rest, either with or without oscillation, and have 
further proved that considerable diminution, both temporary 
and permanent, can be produced by merely raising the 
temperature of the wire to 100’ C. Thus a well annealed 
iron wire, when tested about ten minutes after suspensioh, 
was found to have a logarithmic decrement due to the 
internal friction of the metal of *003011, a f t q  one hour of 
*001195, and after one day of .001078. After the last period 
the friction became sensibly constant, and after four days was 
found to be still the same ; the wire had apparently “ accom- 
modated ” itself as far as possible. 

Great, hom-ever, as was the reduction of the internal friction 
produced by oscillation and rest, the minimum had by no means 
been reached ; for on repeatedly heating the wire to 100’ C. 
and then allowing it to cool, the logarithmic decrement rapidly 
diminished, until after six days, on each of which the wire was 
heated to lOO”C., and then allowed to cool slowly, it became only 
*000412, when further repetition of the above process ceased to  
senaibly affect the friction. The greater part of the diminution 
occurred after the first heating and cooling, but several repeti- 
tions were necessary to produce the minimum mentioned above. 

* Proc. Roy, Soc. May 18, 1936. 
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Still more marvellous is the temporary effect of a rise of 
temperature not exceeding looo C. on the internal friction of 
annealed iron. A careful examination of the above specimen 
a t  temperatures ranging between 0' C. and 100' C. revealed 
the astonishing fact that, a t  a temperature of 98cC., the 
logarithmic decrement was only -000112, and was considerably 
less than one fourth of its amount at  O'C.* At 98O C. the 
friction was a minimum, further rise of temperature resulting 
in increase of the logarithmic decrement. It may perhaps 
assist us in forming some notion of the very small amount of 
internal friction in the above specimen of iron at  98" C., if we 
estimate the number of vibrations which would be required 
before the amplitude would be reduced to one half of its initial 
value by molecular friction only : this number is nearly 3000. 
It follows that if we could make the wire and its appendages 
vibrate in vacuo, and maintain the temperature constantly a t  
9 8 O  C.,  with a vibration-period of ten seconds, more than eight 
hours mould elapse before an initial amplitude of 100 would 
be reduced to 50. 

The internal friction of the wire when reduced to its 
minimum by all the above-mentioned processes was only one 
thi~tieth of its original amount. 

When the wire has fully "accommodated" itself, a very 
small cause will disturb the accommodation : a mechanical 
shock, a change of load, a slight rise or fall of tempera- 
ture, or even rotation of the molecules by magnetic stress, will 
necessitate fresh oscillations before the friction again reaohes 
its minimum. Consequently, if a wire be raised to 100" C.,  
and be then cooled again rather quickly, i t  does not imme- 
diately regain the accommodation which i t  had before heating. 
The time taken by the wire to reaccommodate itself when 
the accommodation has been disturbed by change of tem- 
perature, depends considerably upon the direction of the 
change. Thus, when the wire is raised from the temperature 
of the room to 100°C., the reaccommodation is effected in a 
very much shorter time than when the accommodation has 
been disturbed by lowering the temperature from 100OC. to 
the temperature of the room. 
* l'he temporary diminution of the internal friction of annealed iron 

Was shown at the meeting of the Society. 
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I am inclined to regard both the temporary and permaiwat 
alterations of the internal friction of iron, which are produced 
by rise of temperature not exceeding 100" C., to be partly due 
to mere agitation of the molecules, but the permanent effects 
do not seen1 to be entirely due to molecular agitation ; for the 
maintaining of the temperature a t  100' C. for some time does 
not bring down the friction anything like so much as repeated 
heating and cooling. It would seem that the slow shifting 
backwards and forwards of the molecules induced by the last 
process is in a great nieasure to be credited with the permanent 
diniinution of friction, in the same manner that the shifting 
backwards and forwards of the molecules caused by torsional 
oscillation has been shown to produce permanent diminution. 

The Longitudinal and Tomional Elasticity qf  Iron. 
It might readily be imagined that since the internal friction 

of iron is YO considerably altered by change of temperature, 
the elasticity would be correspondingly affected. This, how- 
ever, is not so ; both the torsional and longitudinal elasticity 
of iron are affected by raising the temperature to 100' C., but 
not nearly to the same extent as the internal friction. Thus 
an annealed iron wire, when suspended ready for torsional 
vibration, was heated slightly by passing the flame of a 
Bunsen's burner rather quickly up and down it several tirpes. 
The time of vibration before heating was 1.154 second ; and in 
5 minutes, 35 minutes, and 245 minutes after cooling was 
1.147, 1-142, and 1.136 second respectively. Here we have 
a small, though distinct, permanent increase of elasticity ; and 
it will be noticed that time is an important element in the 
amount of increase. Again, by a very carefully conducted 
set of observations, I have shown that the torsional elasticity 
of annealed iron is temporarily decreased to the extent of 2.693 
per cent., when the tempcrature is raised from 0' to lOOQ C.* 

Again, an annealed pianoforte-steel wire, when tested with 
a cerhin load at the temperature of 12OC., was temporarily 
elongated to the extent of 1.50% half-millimetres; when heated 
to  looo C. in an air-chamber the elongation was 1.487 half-milli- 
metres; and when cooled again and tested 24 hours afterwards, 

* Prod R. S. No. 244,1886. 
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was elongated by 1.450 half-millimetres *. Thus, as with the 
torsional elasticity, there was a permanent increase of elasticity, 
and a temporary decrease of 2.58 per cent, Time in this case 
also is an important element, for the elasticity immediately 
after cooling was very nppreciably less than when a long rest 
bad been given. 

Siniilnrly,,I have shown both for longitudinal and torsional 
elasticity that an iron wire, after having been permanently ex- 
tended by traction, has its elasticity very perceptibly increased 
by long rest. It is also well known that the poiiative power of a 
magnet can be considerably increased by putting on the load by 
sinall quantities a t  a time, with long intervals of rest between. 

These and other considerations prove beyond a doubt, that if 
the molecular arrangement of iron be disturbed by any kind of 
stress whatever, exceeding a certain small limit, the molecules 
will not assume a t  ordinary temperatures those positions which 
will secure a maximum of elasticity, until a rest of many houre 
has been given. *. 

The Velocity of Sound in Iron. 
According to Wertheim, the velocity of sound in iron and 

steel is increased by a rise of temperature not extending beyond 
100" C.? Now in no sense whatever is this statement correct. 
It is true that the longitudinal elasticity of iron, as determined 
by the method of etatical extension, may be found greater a t  
looo C. than at  Oc C.,  provided we begin with the lower tempe- 
rature first and the wire has not been previously tested at  
100' C. But, as we have seen, the apparent tsmpomry 
increase of elasticity is really a pewnanent one ; and if the wire 
be repeatedly heated to 100" 0. and then cooled, subsequent 
h t s  will always show a less elasticity at the higher tempe- 
rature than at. the lower, if szifiicient rest after cooling be 
allowed. When, however, we come to such small molecular 
displacements as are involved in the passage of sound through 
a wire, even the apparent increase of elasticity, mentioned 
above as taking place a t  the first heating, vanishes. I have 
been able to prove that, when an  iron or steel wire is thrown 

f* Phil. Trans. Prwt I., 1883, p. 130. 
f Am. de chimie et de Phys. 3me sdrie, 1844, p, 421. 
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into longitudinal vibrations, so as to produce a musical note, 
the pitch of this note becomes Zowm as we raise the temperature 
even when the wire is heated for the first time”. 

It seems rather strange that the error should have been so 
long allowed to remain uncorrected ; for it has been known 
for many years that the pitch of a steel tuning-fork is lowered 
by small rises of temperature to a greater extent than would 
follow from mere change of dimensions. Calling the fre- 
quency of the fork n, we have? 

where m is an abstract number, 
b is the velocity of sound in steel, 
2 is the length, 
K the radius of gyration of t.he section about an axis 

perpendicular to the plane of bending. 
If D be the thickness of t,he fork, 

I) K =  - 
472. We may therefore obtain 

From (2) and the value of the coefficient of thermal expan- 
sion of steel, it follows that if the pitch of the note is lowered 
by rise of temperature to the extent to  which it is known to 
be, the 1-elocity of sound must be lowered also. Indeed from 
the coefficient of thermal expansion of steel and from my own 
determination of the effect of change of temperature on the 
longitudinal elasticity of stceI, I have calculated what would be 
the lowerilia of pitch of a certain fork, and find it in sufficient 
accord with the lowering of pitch as determined by direcl 
experiment. 

Wertheim inferred the increase of velocity of sound in iroc 
and steel from the apparent increase of lon uitudinal elasticit! 
produced by rise of temperature. From his experiments 01 

* The bwering of pitch produced by rise of temperature waa shos 

f Lord Rayleigh’8 ‘Theory of Sound,’ vol. i. p, 219. 

”. 

before the Society. 
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the longitudinal elasticity of these metals I have collected the 
following :- 

Increase per cent. of elasticit 
between 15" to 20° and 100° d Metal. 

Annealed iron . . . . . . .  4.90 
Annealed iron wire . . . . . . .  6.91 
Annealed cast steel . . . . . . . .  2.79 
Annealed steel wire . . . . . . .  23.20 
Steel tempered blue . . . . . . .  5-18 

whereas my own experiments show that both the torsional 
and longitudinal elasticities of iron and steel are demeased by 
about 29 per cent. when the temperature is raised from 
oo c. to looo c, 

I have dwelt longer than I should otherwise have done on 
this part of my paper because I find that even our best text- 
books relating to Elasticity and Sound still retain what I am 
convinced is an error. 

XXVI. Measuring-Instruments wed in Mechanical Testing. 
By Prof. W. U. UNWIN, F.R.S.* 

THE determination of the exact distance between two fine 
marks on a standard of length is an operation of some 
difficulty, as is well known to physicists. But that operation 
is free from many of the difficulties which attend the measure- 
ments which have to be macle in the engineering laboratory. 
Among these the determination of the modulus of elasticity 
(Young's modulus) of a bar by measuring its change of length 
by stress is one of the most important. Now the bars sub- 
jected to test are usually, in the part which can be measured, 
not more than 10 inches in length ; and the whole elastic ex- 
tension of such a bar is ,generally only abont 0.007 inch. It 
is obvious, therefore, that measurements must be made with 
considerable accuracy and refinement to be of any value. 
But the bar cannot be placed in a position convenient for 
measurement; and the attachments to the testing-machine are, 
more or less in the way of the measuring-apparatus to be 
applied. The bar itself is a somewhat rough bar, the form o f .  

* Read January 22, 1837. 


